Sodium hypochlorite (NaClO) is used for several purposes in our daily life, such as disinfection, 1 bleaching, 2 and an oxidizing reagent in industrial production. 3 NaClO dissolved in water exists as free chlorine, which is defined as dissolved gas Cl2, hypochlorous acid HClO, and/or hypochlorite anion ClO -. Since the pKa of hypochlorous acid is 7.5, 4 the predominant species are HClO and ClO -for a neutral pH region. Although there is widespread use of NaClO, there are concerns about harmful effects on the environmental and human health at high levels of exposure. 5 Therefore, accurate determinations and continuous monitoring of free chlorine is extremely important from the perspective of water quality management. Several analytical methods, such as chemiluminescence, 6 liquid chromatography, 7 and photometric methods, 8 including the use of N,N-diethyl-p-phenylenediamine (DPD), 9 have been applied to determine the concentration of free chlorine in water. The determination of free chlorine using electrochemical methods will be a potential candidate for automated instruments that will be reliable and used in continuous measurement for water quality management. The electrochemical reduction of HClO and ClO -has mainly been reported for the determination of free chlorine using several types of working electrodes. 10 For the case of carbon electrodes, there are several interferences by dissolved oxygen and trace metal ions on the cathodic detection of free chlorine. To overcome these problems, it is highly desired to induce a positive shift in free chlorine reduction in order to suppress the interference, especially the reduction of dissolved oxygen.
Recently, the catalytic activity of tertiary ammoniums or amines was reported for the electrochemical decomposition of free chlorine to chloride ion. 11 The reaction mechanism presumed that the ammonium species reacts with free chlorine to form a chloramine species as intermediates, resulting in decomposition of the chloramine species and the production of chloride accompanied by the reproduction of ammonium species. In this report, we consider the voltammetric behavior and amperometric determination of free chlorine at a carbon electrode covalently grafted with the N,N-diethylaniline (DEA) moiety. As a precursor, the chemical structure of DPD is particularly suitable for electrode grafting via the aryl radical reaction 12 ( Fig. 1) .
It allows sensitive and selective determinations of free chlorine while lowering the interference of dissolved oxygen and other ions by voltammetry and amperometry.
Electrode grafting was performed as follows: after the precursor DPD (5 × 10 -3 M) was dissolved in a 1 M HCl solution at 4 C, an ice-cold NaNO2 (5 equiv.) aqueous solution was added. Then, after stirring the mixture for 10 min at 4 C, a freshly polished plastic formed carbon 13 (PFC, BAS, f = 3 mm) electrode was immersed into the mixture, and potential cycling was carried out from +0.5 to -0.8 V vs. Ag/AgCl (sat. KCl).
The electrocatalytic activity of an N,N-diethylaniline-grafted carbon (DEA/PFC) electrode was utilized to improve the sensitivity in the cathodic detection of free chlorine. Voltammetric curves showed a well-defined cathodic peak of free chlorine on DEA/PFC, lowering the overlap with that of dissolved oxygen. Amperometric measurements were applied for the determination of free chlorine for a concentration range of 4 orders of magnitude. The results showed that measurements of the amperometric response with DEA/PFC can be used as the basis for a simple, accurate, and rapid method to determine free chlorine. An aryl radical generated from the diazotized DPD spontaneously formed a covalent bonding to the carbon atom of the PFC electrode surface; 14 then, the DEA/PFC was successfully obtained. After the electrode grafting procedure, the DEA/PFC was thoroughly rinsed and stored in water at room temperature for further use. Figure 2 shows typical CVs of the DEA/PFC and the bare PFC in a pH 7 solution containing 1 × 10 -3 M NaClO and 0.05 M phosphate buffer. All measurements for NaClO were carried out under an air saturated aqueous buffer solution. For the case of the bare PFC, the cathodic current was observed from ca. + 0.2 V, followed by a sharp peak for free chlorine at -0.13 V and a broad peak for dissolved oxygen at -0.48 V; these two peaks were partly overlapped.
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On the other hand, the cathodic peak for free chlorine was positively shifted to +0.12 V at the DEA/PFC. Interestingly, the current intensity and the reduction potential of dissolved oxygen were hardly affected at the DEA/PFC. Therefore, the voltammetric result reveals that the DEA moiety is successively grafted onto the electrode surface, and the DEA/PFC shows catalytic activity for the reduction of free chlorine. According to the literature, 11 the catalytic activity of alkylamines can be ascribed to the formation of the chloramine intermediate, resulting in an increase in the apparent rate constants of the reaction in the bulk phase. The catalytic activity of the DEA moiety on the PFC surface is observed as a positive shift in the reduction of free chlorine. No significant improvement in the positive shift, however, was obtained in the electrode grafting condition 15 studied in the present work, such as DPD concentration (1 -10 × 10 -3 M) and the number of potential cycles (5 -20) .
The amperometric responses of the cathodic currents to successive additions of the NaClO standard solution were investigated under stirred conditions (500 rpm, 50 mL vessel). As shown in Fig. 3 , the amperometric response was clearly recognized for the DEA/PFC with an increase in the NaClO concentration. By changing the applied potential from +0.1 V to a negative potential, an increase in the current intensity and an improvement in the upper limit of the NaClO concentration were observed. An increase in the background current, however, was also observed at potentials more negative than -0.4 V due to the dissolved oxygen. 16 The detection limit was reproducible to ca. 1 × 10 -6 M NaClO for three separate measurements with an applied potential of -0.3 V. At ~5 × 10 -3 M, the amperometric response showed a considerable decay within 10 s which deviated from a linear relationship. These facts defined the linear range of the present condition to be ~4 orders of magnitude. The resultant calibration plot for the NaClO concentration is presented in the inset of Fig. 3 and summarized in Table 1 , together with results for the bare PFC. Due to the lowered background current derived from the positive shift in the free chlorine reduction, the lower limit of the linear range and the detection limit was improved for the DEA/PFC compared to the bare PFC. It also indicated that amperometric detection could work well in a wider concentration range than that of DPD titration. 17 It can be said that DEA/PFC exhibits improved sensitivity over that of the bare PFC for determining the free chlorine concentration.
The effect of interfering substances on the amperometric response of the DEA/PFC toward free chlorine was also studied. To demonstrate the selectivity of DEA/PFC, interfering substances were selected from ions that are known to interfere with the DPD titrimetric and colorimetric methods, 17 such as Cu , halogens, and NO2 -. The ions studied here have nearly no interference up to 1 × 10 -3 M (within the change in the amperometric current intensity of 1%) over the amperometric response for 5 × 10 -5 M NaClO with an applied potential of -0.3 V, except for Cu 2+ . Although a considerable amperometric current was observed for the case of Cu 2+ , interferences by metal ions could be decreased by the use of a positive applied potential and/or the use of masking reagents, such as EDTA. Indeed, the amperometric measurements at positive potentials were operable; calibration plots obtained with an applied potential of ±0.0 V are depicted in Fig. 4 . It is evident that the improved sensitivity can be retained for the DEA/PFC at a positive potential region where electrochemical reduction of metal ion is expected to be less possible. Thus, our proposed approach was found to be applicable for free chlorine detection in water under several measurement conditions. In summary, we have shown the DEA/PFC can be used as a sensing electrode for free chlorine based on covalent grafting via aryl radical generated from DPD. The electrocatalytic activity of the DEA moiety on the electrode provides an effective positive shift in the reduction peak of free chlorine to avoid interference by dissolved oxygen, resulting in an improvement of the sensitivity for free chlorine detection. Although further improvements of the sensitivity for free chlorine as well as the selectivity over interfering ions may be necessary for the analysis of free chlorine in real samples, such as the concentration of free chlorine in commercially available bleach and continuous on-line monitoring of residual water. Due to its simplicity of the electrode grafting procedure, this kind of functionalized electrode may also be a promising candidate for various applications. 
